FL immunoreactivity at innervated (A) and denervated (B) neuromuscular junctions is colocalized with AChR-rich areas. Faint immunoreactivity is also present in preterminal axons (asterisk). (C and D) Anti-trkB.t1 immunoreactivity at innervated (C) and denervated (D) neuromuscular junctions is interdigitated among AChR-rich areas; some faint immunoreactivity is colocalized with AChRs. (E-H) Immunoreactivity at innervated (E) and denervated (F) P8 and innervated (G) and denervated (H) adult neuromuscular junctions, revealed
with an anti-TrkB antibody that recognizes both trkB.FL and trkB.t1, is localized within and surrounding AChR-rich regions. Inset in (G) shows the motor nerve terminal and axon immunostaining used to demonstrate that junctions were innervated. Inset in (H) shows the absence of this staining, which was used to determine that junctions were denervated. Scale bar, 20 m. synaptic maintenance at neonatal and adult mouse infected and noninfected muscle fibers to be imaged in vivo, and neuromuscular junctions on infected and neuromuscular junctions in vivo. Adenovirus-mediated somatic gene transfer provided the opportunity to macontrol muscle fibers were then analyzed with immunostaining and confocal microscopy. We report that postnipulate the molecular environment of individual neuromuscular junctions in an otherwise normal background synaptic AChR regions at neuromuscular junctions are disassembled when TrkB-mediated signaling is disand to assess the effects in living animals over time. We reasoned that this approach would be useful for rupted in a dominant-negative fashion by overexpression of trkB.t1, but not of a truncated trkA receptor, and manipulating TrkB-mediated signaling, as mutant mice lacking TrkB die at birth (Klein et al., 1993) and would that AChR regions also appear to be disassembled in mutant mice expressing half as much full-length TrkB be more generally useful for spatial and temporal manipulation of other molecules of interest.
as wild-type mice. An in vitro agrin-induced AChR clustering assay showed that agrin-induced AChR clusters Signaling through trkB.FL was decreased in a dominant-negative fashion by overexpressing trkB.t1 in sterwere disassembled on myotubes overexpressing trkB.t1. This experiment suggested that postsynaptic AChR nomastoid muscle fibers using recombinant adenovirus that also drove the expression of the nonbiologically cluster disassembly occurs when TrkB-mediated signaling is disrupted in the muscle fiber membrane, even in active fluorescent protein GFP (Chalfie, 1995), using an internal ribosome entry site ( brain and skeletal muscle was used to determine the specificity of the antibodies used for immunostaining. but these include different cell types, and the cellular localization of TrkB at neuromuscular junctions has not A single ‫041ف‬ kDa band was detected in brain and skeletal muscle, using the anti-trkB.FL-specific antibody been resolved. Immunostaining in muscle whole mounts, using a rabbit polyclonal antibody against the kinase (Figure 2A) , and a single ‫59ف‬ kDa band was detected in brain and skeletal muscle, using the anti-trkB.t1-specific domain of trkB.FL (Yan et al., 1997) and rhodamineconjugated ␣-bungarotoxin (R␣BTX), followed by confoantibody ( Figure 2B ). Two bands were detected in brain and skeletal muscle, using the anti-trkB antibody that cal microscopy, showed that trkB.FL was localized to postsynaptic AChR-rich regions ( Figure 1A ). While some recognizes both trkB.FL and trkB.t1 ( Figure 2C ); this antibody detected less trkB.FL than trkB.t1 in muscle. faint trkB.FL immunostaining was also observed in preterminal axon branches ( Figure 1A, asterisk) , the perAs expected from immunostaining observations, fulllength trkA was detected as a ‫041ف‬ kDa band in brain sistence of trkB.FL immunoreactivity after removal of presynaptic motor nerve terminals by denervation conbut not muscle ( Figure 2E ). To further evaluate whether trkB.FL was expressed firmed its primarily postsynaptic localization ( Figure 1B) . By using an anti-trkB.t1-specific antibody, trkB.t1 was by skeletal muscle fibers as opposed to Schwann cells and/or motor axons and nerve terminals, RT-PCR was found to be localized to the postsynaptic membrane within and surrounding AChR-rich areas ( Figure 1C) , performed on mRNA from purified primary myotube cultures and brain. By using nested primers designed to which also persisted after denervation ( Figure 1D ). Neither antibody detected TrkB immunostaining in neonatal specifically amplify the kinase domain of trkB.FL, a band of the expected size (740 base pairs) was detected in neuromuscular junctions. However, an affinity-purified polyclonal anti-trkB antibody raised in rabbit against primary myotubes, as well as in brain ( Figure 2D ), but In Adt-trkAhagfp-infected cells, a band is detected at ‫59ف‬ kDa, the predicted molecular mass generated by the hybrid, truncated TrkA construct, using anti-TrkA and anti-HA antibodies, and a ‫041ف‬ kDa band is detected in brain, the appropriate molecular mass for full-length TrkA; markers, 116 and 83 kDa. Anti-GFP staining revealed a band at ‫42ف‬ kDa, similar to purified recombinant GFP (last lane); markers, 46 and 30 kDa. (C) Gfp fluorescence and immunostaining of AdtrkB.t1ha-gfp-or Adt-trkAha-gfp-infected myotubes. Anti-HA immunoreactivity is localized in the membrane of GFP ϩ but not in GFP Ϫ myotubes infected with recombinant adenovirus. Anti-trkB.t1 immunoreactivity is colocalized with anti-HA immunoreactivity in the membrane of GFP ϩ myotubes; weak trkB.t1 immunoreactivity is also present in uninfected myotubes, consistent with the localization of trkB.t1 in the postsynaptic membrane of neonatal and adult muscle fibers (Figure 1) . Anti-TrkA staining shows t-trkA is colocalized with anti-HA immunoreactivity in the cell membrane of GFP ϩ but not in GFP Ϫ myotubes. Scale bar, 10 m. not in the negative control lanes (water, myotube RNA signals, we reasoned that this would result in a dominant-negative manipulation whose effect could be asas templates; Figure 2D) Figure 3A) . Adt-trkAha-gfp at birth (Klein et al., 1993 ), so we attempted to decrease signaling through trkB.FL by overexpressing trkB.t1 in encoded a truncated, epitope-tagged trkA consisting of the mouse trkA extracellular and transmembrane domuscle fibers, using recombinant adenovirus. Because BDNF and NT-4/5 bind to both trkB.FL and trkB.t1, but mains fused to the short cytoplasmic tail of trkB.t1 and GFP ( Figure 3A) . This virus was used to evaluate the only trkB.FL homodimers can transduce neurotrophin Figure 3D ). Siminteractions. AdlacZ-gfp encodes the biologically inactive protein ␤-galactosidase (␤-gal) and GFP ( Figure 3A) ilar results were observed with NT-4/5 treatment (data not shown). No difference in neurite extension was oband was used as a control for nonspecific effects of viral infection, transgene expression, and other factors, served between PC12-TrkB ϩ cells infected with AdlacZgfp and uninfected cells ( Figure 3D ). Regardless of infecsuch as inflammation due to the mounting of an immune response to viral proteins. tion, all PC12-TrkB ϩ cells responded with similar neurite outgrowth to nerve growth factor (NGF; Figure 3E ). After Western blot analysis of 293 cells infected with either AdtrkB.t1ha-gfp, Adt-trkAha-gfp, or AdlacZ-gfp showed infection of PC12 cells expressing full-length trkA (PC12) with Adt-trkA-gfp, significantly fewer GFP ϩ cells exthat trkB.t1ha, t-trkA, LacZ, and GFP were expressed at the predicted molecular weight ( Figure 3B ). Immunotended neurites when exposed to NGF compared with uninfected control cells ( Figure 3F ). This demonstrates staining in infected 293 cells and rat myoblasts showed that trkB.t1ha or t-trkAha and GFP were coexpressed that adenovirus-mediated overexpression of trkB.t1ha or t-trkAha results in a dominant-negative decrease in in infected cells ( Figure 3C ). Of GFP ϩ cells, 87% Ϯ 2% also expressed trkB.t1ha, 91% Ϯ 3% of GFP ϩ cells also neurotrophin signaling through endogenous full-length Trk receptors, as has been reported in other systems expressed t-trkAha, and 92% Ϯ 2% of GFP ϩ cells also expressed ␤-gal (n ϭ 3 wells, Ͼ100 Figure  4G ). No evidence of atrophy or hypertrophy was obbers in muscles exposed to virus, and muscle fibers in uninfected control muscles, no differences in muscle served in GFP ϩ compared with GFP Ϫ muscle fibers in infected muscles, or among infected muscles compared fiber diameter or junction area (Table 1) were observed. These data show that neuromuscular junctions on adewith uninfected control muscles (Table 1) . Thus, adenovirus-induced myopathy was not likely to indirectly innovirusinfected muscle fibers expressing biologically inactive marker proteins such as ␤-gal or GFP are not duce structural changes in neuromuscular junctions.
In a similar set of experiments, animals were anesthestructurally altered. In contrast, neuromuscular junctions on GFP ϩ muscle tized, the sternomastoid muscle exposed, and muscle fibers examined for GFP fluorescence in vivo with methfibers infected with AdtrkB.t1ha-gfp 2-4 weeks previously showed several characteristic alterations when ods previously described (Balice-Gordon and Lichtman, 1993). GFP was observed in 5%-30% of muscle fibers compared with junctions on GFP Ϫ muscle fibers, which were similar to junctions from uninfected control muson the superficial muscle surface. GFP or expression of the other transgenes was never observed in connective cles. In ‫%58ف‬ of junctions, the postsynaptic membrane contained many small, punctate AChR regions ( Figure 4H) ; thus, adenovirus-induced myopabirth and thus were not useful for addressing this issue. thy was not likely to induce structural changes in neuroWe asked whether synaptic maintenance was altered muscular junctions.
in heterozygous mutant mice expressing half as much Neuromuscular junctions on GFP ϩ muscle fibers in trkB.FL as wild-type controls (Klein et al., 1993) . Western sternomastoid muscles infected with AdlacZ-gfp were blot analysis confirmed that trkB.FL expression was resimilar in appearance (Figures 7A-7C ) to junctions on duced in trkB ϩ/Ϫ compared with trkB ϩ/ϩ mouse brain GFP Ϫ muscle fibers and to junctions from uninfected ( Figure 2F ). As reported by Klein et al. (1993) , a more control muscles. Between infected and uninfected conmodest reduction in trkB.t1 was also observed. Neurotrol muscle fibers, no differences in muscle fiber diamemuscular junctions in trkB ϩ/Ϫ mice and in age-and ter or junction area (Table 1) were observed. These data sex-matched trkB ϩ/ϩ controls of the same genetic backshow that adult neuromuscular junctions on adenovirusground were stained, imaged, and analyzed with confocal microscopy and interactive software. No evidence infected muscle fibers expressing biologically inactive of de-or regeneration of muscle fibers was observed, was accompanied by a decrease in junction area in trkB ϩ/Ϫ mice ( Table 1) . The increase in the number of such as foci of small, atrophic, or angulated fibers or fibers with central nuclei, from examination of H and discrete AChR regions per junction in trkB ϩ/Ϫ mice is similar to the punctate appearance of receptor regions E-stained cross sections ( Figure 4I) , and muscle fiber diameter in trkB ϩ/Ϫ was similar to that found in trkB ϩ/ϩ at junctions on muscle fibers overexpressing trkB.t1. These observations suggest that when neurotrophin sigmice (Table 1) Table 1 ). The increase in AChR region number these approaches. In the present work, Western blot immunostaining, the disassembly of postsynaptic AChRrich regions appeared to vary in severity. The disassemanalyses were used to confirm the specificity of antibodbly of receptor regions appears to be followed in some ies used to detect TrkB isoforms in skeletal muscle and cases by retraction of motor nerve terminals. Thus, in brain. Somewhat different levels of trkB.FL and trkB.t1 addition to muscle fiber-specific effects, which are conwere detected in muscle, depending on the antibody sidered below, there may also be anterograde and/or used, but expression was not quantified. Immunostainretrograde interactions among terminal Schwann cells, ing showed that trkB.FL and trkB.t1 are localized to motor nerve terminals, and muscle fibers via TrkB lothe postsynaptic membrane and are concentrated at cated pre-and postsynaptically; these in turn may neuromuscular junctions at and around AChR-rich remodulate different aspects of synaptic structure and gions (Figure 1) . Given that trkB.FL is expressed only at function. That we observed a similar disruption of neuroneuromuscular junctions, the fact that junctional area muscular junctions in both neonates and adults argues is Ͻ0.5% of the muscle fiber surface area might have that neurotrophin signaling through TrkB plays an ongoprecluded its detection by whole-tissue approaches.
ing role in the maintenance of postsynaptic AChR reWhile expression persisted after short-term denervagions. tion, we have observed a decrease in TrkB expression at
In trkB ϩ/Ϫ mice, there is a reduction of trkB.FL, as well longer intervals after denervation (M. G. and R. J. B.-G., as, to a lesser extent, trkB.t1 (Klein et al., 1993) . While unpublished data), suggesting that TrkB levels in muscle the decrease in trkB.t1 may contribute to the junction fibers may be regulated by innervation. We were surchanges we observed, no signaling role has been identiprised to observe that relatively little trkB.FL immunorefied for this isoform. The structural abnormalities seen activity was detected presynaptically in motor axon and in trkB ϩ/Ϫ animals are similar to those in AdtrkB.t1ha-terminal branches, given that motor neurons express gfp-infected muscle fibers, in that junctions contain agtrkB. Western blot analysis was performed with membrane preparausing primers specific to the deleted E1a region (Woo et al., 1997). Virus was resuspended in HEPES-buffered saline (HBS [pH 7.8]) ϩ tions from brain, muscle, and cultured mouse primary myotubes using standard methods. Protein (20 g) from each sample was 10% glycerol, particle density was measured spectrophotometrically at OD 260 , and pfu was determined by plaque assays on agar separated on a 10% SDS-PAGE gel and transferred to nitrocellulose membrane overnight (30 V, 40ЊC). Membranes were blocked for 1 overlays using a limiting dilution method. Virus aliquots of 1 ϫ 10 12 pfu/ml were stored at Ϫ70ЊC for Ͻ4 months, and viral stocks were hr at room temperature in 0.4% I-block casein and 0.1% Tween 20 in phosphate-buffered saline (PBS) and incubated in a primary stored in liquid N 2 .
To assess transgene expression, subconfluent HeLa cells or antibody: an anti-trkB.t1-specific rabbit polyclonal antibody (Santa mouse primary myotubes were exposed to AdlacZ-gfp, AdtrkB.t1ha-possibility that adenovirus infection might induce inflammation or other nonspecific cellular changes. The superficial surface of the gfp, Adt-trkAha-gfp, or vehicle (HBS ϩ 1% glycerol). Cells were subsequently viewed with epifluorescence microscopy for GFP exsternomastoid muscle was exposed to virus or vehicle in P1-P3 mice; 3 days to 2 months later, mice were sacrificed, muscles were pression, processed histologically for ␤-gal, with X-gal as a substrate (Sanes et al., 1986 ), or processed for immunostaining with dissected and frozen in isopentane cooled in liquid N 2 , and 10-20 m frozen sections were obtained (n ϭ at least 3 mice for each antibodies against HA (mouse monoclonal, Boehringer-Mannheim), TrkB, or TrkA and fluorescently conjugated secondary antibodies.
virus at each time point; 3 animals infected with Adt-trkAha-gfp examined 2-4 weeks later). Transgene expression in infected musWestern blot characterization of transgene expression was performed using transfected and infected 293 cells and mouse primary cles was evaluated by immunostaining as described above. Serial sections were left unstained to examine the extent of expression of myotubes infected with AdtrkB.t1ha-gfp, Adt-trkAha-gfp, AdlacZgfp, or vehicle, with specific antibodies against ␤-gal (mouse mono-GFP or stained with H and E to determine whether inflammation was present. Sections were imaged and muscle fiber diameter measured clonal, Boehringer-Mannheim), GFP (mouse monoclonal, Clontech), TrkB, TrkA, or HA. Mouse brain was used as a positive control for with interactive software. Examination of H and E-stained sections showed no evidence of TrkB and TrkA, recombinant GFP or ␤-gal protein were used as positive controls for adenovirus-driven GFP and ␤-gal expression, inflammation or degeneration of infected or vehicle-treated muscle fibers at any time point examined. We found that introducing adenoand unmanipulated cells were used as negative controls. Immunopositive bands on Western blots were visualized with AP-conjugated virus into P1-P3 C57/Bl6J mice resulted in transgene expression in more than 30% of surface fibers and that transgene expression secondary antibodies, using the WesternStar kit (Tropix PE Biosytems).
persisted for as long as 2 months, the last time point examined. Because there are more large, type IIB fibers on the superficial surface of the mouse sternomastoid muscle than small, type IIA Analysis of Dominant-Negative Effect of Truncated fibers, somewhat more large fibers were GFP ϩ than small fibers.
Trk Overexpression
However, no difference in muscle fiber diameter was observed as An in vitro assay was used to determine whether virally expressed a result of infection or transgene expression (Table 1) . No qualitative trkB.t1ha could decrease BDNF or NT-4/5 signaling through endogdifferences were observed in transgene expression across fiber enous, full-length TrkB in a dominant-negative fashion (Eide et al., types. In contrast, mice of the CD1 strain or Wistar rats exposed to 1996; Li et al., 1998). We used a stably transfected PC12 cell line adenovirus at the same ages, or C57/Bl6J mice exposed to virus at that expresses full-length TrkB (PC12-trkB; gift of Dr. M. Chao); P7 or as adults, did not show persistent expression, and extensive these cells extend neurites in the presence of BDNF or NT-4/5. Cells inflammation and degeneration of infected muscle fibers was obwere plated at low-passage number and maintained in RPMI with served. It is likely that host tolerance is more readily achieved in 10% horse serum, 5% fetal bovine serum, penicillin (100 units)/ the perinatal period in inbred C57/Bl6J mice than in the two other streptomycin (100 g), and 0.4 mg/ml G418 at 37ЊC in 5% CO 2 . One commonly used rodent strains examined, and this is likely an imporday after splitting, cells were infected with AdtrkB.t1ha-gfp, AdlacZtant factor in achieving persistent transgene expression. C57/Bl6J gfp (2 ϫ 10 8 pfu/10 4 cells), or vehicle. Three days later, 1-100 ng/ mice were thus used for all neonatal experiments. ml BDNF, NT-4/5, NGF, or PBS was added to the medium for 5 days. Neurite extension by PC63 cells expressing TrkA (obtained In Vivo Delivery of Adenovirus to Adult Sternomastoid Muscle from Dr. R. Pittman and grown in medium lacking G418) to 1-100
Because adenovirus induces a robust immune response in adult ng/ml NGF was used as a positive control. PC63 cells were also animals, mice with severe combined immunodeficiency (SCID) were infected with AdtrkB.t1ha-gfp and AdlacZ-gfp, and neurite extension used. SCID mice lack a T and B cell-mediated immune response in response to NGF was determined to evaluate nonspecific effects (cf. Bosma et al., 1983) and thus do not mount an immune reaction of viral infection. A similar assay was performed using PC12 cells to viral proteins or transgenes encoding foreign proteins; they are that endogenously express full-length TrkA to determine whether also a widely used mouse model for adult adenovirus infection (cf. virally expressed t-trkAha could decrease NGF signaling in a domiLe Gal Le Salle et al., 1993). Two to four weeks after applying 10-20 nant-negative fashion. At least 50 cells in each of four dishes were l of 1 ϫ 10 11 pfu/ml AdlacZ-gfp, Adt-trkAha-gfp, AdtrkB.t1ha-gfp, evaluated for each condition. or vehicle to the superficial surface of the sternomastoid muscle in 2-to 3-month-old SCID mice, mice were imaged and muscles In Vivo Delivery of Adenovirus to Neonatal immunostained as described below.
Sternomastoid Muscle
In a second series of experiments, transgene expression was The superficial surface of the sternomastoid muscle in the ventral examined 1 week to 2 months after infection in muscle cross secneck of anesthetized P1-P3 C57/Bl6J mice was exposed as detions as described above. We found that introducing adenovirus scribed previously (Balice-Gordon and Lichtman, 1993). Ten to into P1-P3 C57/Bl6J mice resulted in transgene expression in ‫%52ف‬ twenty microliters of 1 ϫ 10 11 pfu/ml of AdtrkB.t1ha-gfp, Adt-trkAhaof surface fibers and that transgene expression persisted for as gfp, AdlacZ-gfp in HBS ϩ 1% glycerol, or vehicle was applied to long as 2 months, the last time point examined. As in neonates, the surface of the muscle, as opposed to being injected into the because there are more large, type IIB fibers on the superficial muscle. Muscle injection induced muscle fiber damage that itself surface of the mouse sternomastoid muscle than small, type IIA resulted in synaptic disassembly (M. G. et al., unpublished data; fibers, somewhat more large fibers were GFP ϩ than were small see also Rich and Lichtman, 1989). Topical application of virus also fibers. However, no difference in muscle fiber diameter was obmaximized the number of infected fibers on the superficial muscle served as a result of infection or transgene expression ( Table 1 ). surface that could subsequently be analyzed.
No qualitative differences were observed in transgene expression Following virus application, the skin was sutured, and when recovacross fiber types. ered, pups were returned to their mother. Two to four weeks later, To determine whether neuromuscular junctions in the sternomasanimals were anesthetized, the sternomastoid muscle was exposed, toid muscle of SCID mice were similar in their structure and mainteand superficial neuromuscular junctions were vitally stained and nance to those from wild-type C57/Bl6J mice, superficial neuromusimaged as described previously (Balice-Gordon and Lichtman, 1993; cular junctions were vitally stained and imaged twice at 2-4 week Balice-Gordon, 1998). Presynaptic motor nerve terminals were intervals and then immunostained as described below. A comparistained with 4-Di-2-ASP, and postsynaptic AChRs were stained with son of vital images taken 2-4 weeks apart showed that SCID neuro-R␣BTX. Images of vitally stained neuromuscular junctions on GFP ϩ muscular junctions are as stably maintained as neuromuscular juncand GFP Ϫ fibers were obtained with an epifluorescence microscope tions from wild-type C57/Bl6J mice. No differences were observed (Leica DMRX), a low-light level SIT camera (Dage-MTI VE1000), and in terminal Schwann cells, presynaptic motor nerve terminals, or a PC-based image processing system and interactive software postsynaptic AChR regions between views over these intervals. (MetaMorph; Universal Imaging). These images were used to relocate junctions of interest following immunostaining (see below).
Neuromuscular Junction Immunostaining In one series of experiments, we determined the persistence of Sternomastoid muscles were removed and processed as whole mounts for immunostaining as previously described (Son and adenovirus expression in neonatal C57/Bl6J mice and evaluated the
